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Microwave heating of methane hydrate is investigated with electrostatic molecular dynam-
ics simulations. The structure I of methane hydrate is constructed. When the methane
hydrate with a density of 0.91 g/cm3 and temperature of 273 K is exposed to microwave
electric fields, it suddenly collapses in liquid after a certain period of irradiation. However,
a hydrate with a five percent higher density of 0.95 g/cm3 and the same initial tempera-
ture shows no collapse as a crystal caused by the microwave. A hydrate with CO2 guest
molecules has increased kinetic energy but rapidly collapses due to the Lennard-Jones
potentials. The methane hydrate with variable density and temperature is presented and
exhibits slow heating as a crystal and an unchanging volume.
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I. INTRODUCTION
The natural gas resources of methane hydrate that are found in permafrost and the sea floor
of our earth are drawing a lot of attention1. Although the production of carbon dioxide from
methane hydrate is about half of that from the burning of coal and petroleum, it is still a significant
contribution to greenhouse effects. Methane hydrate is a solid or liquid material and is a light
electrolyte like ice. It has a density of 0.91 g/cm3 at an atmospheric pressure and 0.95 g/cm3
for an elevated pressure of 50 atm. Methane hydrate dissociates to about 220 ml of methane gas
against 1 g water at 1 atm and 273 K. Methane hydrate is stable at pressures higher than 0.1 MPa
at 193 K and 2.3 MPa at 273 K.
There are three states of methane hydrates1,2. System I has 46 H2O molecules that form 512
and 51262 cages containing the guest molecules CH4 and CO2. System II has 136 H2O molecules
that form 512 and 51264 tetragonal cages containing oxygen and other molecules. Both systems
have cubic lattices. The hexagonal system H has 512, 512616, and 435663 polyhedron cages of the
C6H14 molecules, which exist as a hexagonal lattice.
High-pressure experiments on methane hydrate have been performed using a diamond-anvil
cell3. Experiments below the melting point of ice surveyed energetically for hydrates. The stability
of hydrates in the thermodynamic instability region of the ice Ih clathrate has been discussed4.
Many traditional equations of state have been utilized to describe thermo-physical properties and
phase equilibrium5. The multi-scale phase diagram of the Gibbs-Helmholtz constrained equation
of state for methane hydrate has been tabulated by density for given pressures and temperatures6,7.
The diffusion coefficients and dielectric relaxation properties of water, i.e., the response of
electric dipoles to a given initial impulse, have been studied theoretically8. The heating and dif-
fusion of water under high-frequency microwaves and infrared electromagnetic waves have been
investigated by molecular dynamics simulations using elaborated point-charge models9. Molec-
ular dynamics simulation of the ice nucleation and growth process leading to water freezing has
been executed10.
Molecular dynamics simulations have been conducted concerning the microwave heating of
water, ice, and saline solution11. They have shown that: (i) water in the liquid phase is heated via
the rotational excitation of water electric dipoles, which is delayed from the microwave electric
field, and absorbed the total microwave power; (ii) hot water gains significantly less heat than the
water at room temperature because of smaller phase lags due to less friction; (iii) water in the ice
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phase is scarcely heated because the electric dipoles can not rotate due to the tightly hydrogen-
bonded ice crystal; (iv) dilute saline solution gains significantly more heat than pure water because
of the rapid heating of salt ions, especially that of the large salt ions Cl− and Na+.
Molecular dynamics employing the density functional method (DFT) to simulate the THz range
of electromagnetic wave have been constructed13. They have shown, by the self-consistent atomic
forces12, that: (i) liquid water molecules in the electric field has excited rotational motions, as
water molecules in the cages can not make free translation motions; (ii) the electron energy is
about twice the kinetic energy of the water molecules, which results from the forced excitation of
the molecules by the electromagnetic THz external field.
Regarding the methane hydrates as natural resources, there are several methods for collection
from the sea floor. A very important question arises concerning heating of the methane hydrates.
One might ask whether heating with microwaves could be continued beyond 273 K as a crystal or
liquid ?
The rest of this paper is organized as follows. The methodology of electrostatic molecular dy-
namics with boundary conditions is given in Section II. Modeling of present simulations is given
in Section III A, and heating and collapse of methane hydrate are shown in Section III B. A sim-
ulation with constant pressure is shown in Section III C. A summary and conclusion are provided
in Section IV. The equations of long-range Coulombic interactions are explained in Appendix A.
II. MOLECULAR DYNAMICS METHODOLOGY
Crystal structures are a part of the strongly coupled systems in solid-state physics14, Γ =
e2/εakBT > 1, where e is charge, ε is the electrical constant, a is an inter-particle distance, and
kBT is the thermal energy. Four basic quantities are used to derive the Newtonian equation of
motion for water molecules: the time τ0 = 1× 10−14 s, the length 1 Å= 1× 10−8 cm, mass of
water M0 = 3.0107×10−23 g, and electronic charge e = 4.8033×10−10 esu (1.6022×10−19 C
in the international units system). Then, one has the equations11,15,
Mi
d~vi
dτ
=−∇
{
ΦF(~ri)+4εi j
[(σi j
ri j
)12
−
(σi j
ri j
)6]}
+qiE sinωt xˆ, (1)
d~ri
dτ
=~vi. (2)
that define the equations of motion. The first term of the right-hand side of Eq.(1) is the Coulombic
potential ΦF(~ri), and the second term is the Lennard-Jones potential. Here, ~ri and ~vi are the
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position and velocity of i-th molecule, respectively,Mi and qi are the mass and charge, respectively,
τ is the time, and ∇ is the space derivative. The quantity~ri j =~ri−~r j is the particle spacing between
the i-th and j-th molecules, and εi j and σi j are the two-particle interaction potential and size of the
Lennard-Jones potential, respectively. The external electric field points to the x direction and has
the form sinωt, and frequency f of ω = 2pi f . The time step is ∆τ = 0.1τ0 (i.e., 1×10−15s). In
a time marching fashion, the current step of~ri and ~vi is forwarded to the next time step. When a
sufficient amount of time has elapsed, one analyzes the time development.
To represent the crystal system with high accuracy, one has to separate the Coulombic forces
~F(~ri) =−∇ΦF(~ri) that occur in the short-range and the long-range interactions16–18,
~F(~ri) = ~FSR(~ri)+~FLR(~ri). (3)
The short-range interactions are written as,
~FSR(~ri) =
N
∑
j=1
qiq j
[(erfc(rij)
ri j
+
2α√
pi
)
exp(−(αri j)2)/r2i j
]
~ri j, (4)
where the Gauss complimentary error function is
erfc(r) =
2√
pi
∫ ∞
r
exp(−t2)dt. (5)
The α value, a minimization factor, is discussed later.
A primary factor in the long-range interactions is the charge density, ρ(~ri) = ∑ j q jS(~ri−~r j),
which is the near-site grid sum with S(~0) = 1, S(∞)→ 0. Then, the grid summation is converted to
the k-space by a Fourier transform FT−1[...]. Here, ρ(~r)→ ρk(~k) with~k = 2pi~n/L, n the integers
≥ 0, and L the length. The inverse Fourier transform to return to the coordinate space is executed
by the folding operations FT [...],
~FLR(~ri) =−FT
[
i qi(dn(nx),dn(ny),dn(nz))G(nx,ny,nz) ρk(~k)
]
, (6)
dn(nγ) = nγ −dnint(nγ/Mγ)Mγ (γ = x,y,z). (7)
The expressions for theG(nx,ny,nz), ~K(nx,ny,nz) and ∆(nx,ny,nz) functions are given in Appendix
A. The α value is determined by minimizing the errors of both the short-range and long-range
interactions of the electric fields19. The value is α = 0.245 for the total number of 33 methane
hydrates.
The constrained dynamics procedure called "Shake and Rattle algorithm" is used to maintain
the bond lengths and angles20. The pre- and post-iterations of Coulombic forces are required in
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the simulation code. An accuracy of at least five digits for each molecule is achieved, and the time
advancement is made to the next step.
It is very important that the Symplectic Integrator (SI) scheme21–23 is applied in the differential
equations of Eq.(1)-Eq.(7). The one-sided energy drift in the Nordsieck-Gear scheme24 does not
exist in the differential equations of the SI scheme. The simulation is controlled inversely to the
order of the scheme. The second order scheme is prescribed with one Coulombic force calculation
in each time step.
III. SIMULATIONS OF METHANE HYDRATE
A. Modeling
To model water molecules, there is the three-body SPC/E model25 and the four-body TIP4P
model26. The SPC/E model is chosen because of its simple and effective representation of elec-
trostatic effects. The atomic distance of the oxygen-hydrogen molecule is 1.00 Å, the respective
charges of oxygen and hydrogen are qO =−0.848 e and qH = 0.424 e, and the angle of H-O-H is
θ = 109.47◦. The Lennard-Jones parameters are made for oxygen only, which are σO = 3.17 Å
and εO = 0.65 kJ/mol.
The initial structure of methane hydrate is installed by the Genice program on the Linux
system27. The size of structure I methane hydrate has about 12 Å as a crystal structure. A total
of 33 methane hydrates exists in the three-dimensional system. A system of guest molecules of
CH4 or CO2, which are the united atoms, is used with different densities of the guest molecules.
The size and Lennard-Jones coefficient for the CH4 molecule are σCH4 = 3.82 Å and εCH4 =
0.39 kJ/mol, and those for carbon dioxide are σCO2 = 4.00Å and εCO2 = 0.53 kJ/mol, respectively
28.
In order to perform the molecular dynamics simulation, the frequency is set to 10 GHz ( f =
1×104/τ0) and the electric field is set to 0.3 V/Å. The rationale behind setting these parameters
will be discussed in the final section.
For numerical execution of the molecular dynamics simulations, a Fujitsu FX100 Supercom-
puter (52 ranks×16 processors, 8 thread) is utilized. The computations took 1.57× 10−2 s per
time step, and thus the run of 5.5×106 time steps requires 24 hours of computation.
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B. Heating and Collapse of Methane Hydrate
The heating of methane hydrates is investigated under the application of microwave fields. In
the heating described in Section III B, the volume is assumed to be constant. Three species of
hydrates are used in Table I: (i) a normal pressure case (1 atm, Run A1), (ii) a high pressure
methane hydrate at 50 atm (Run A2), and (iii) carbon dioxide hydrate at 1 atm (Run A3). The
density is 0.91 g/cm3 for the first case1,7, 0.95 g/cm3 for the second case2, and 0.91 g/cm3 for
the CO2 hydrate in the third case. Each run has an initial temperature of 273 K of the crystal.
The kinetic energy of the s-th molecule isWs = (1/2)Ms~v2s +(1/2)Iω
2, where~vs and I, respec-
tively, are its velocity and moment of inertia. The translational and rotational motions are included
for the water molecules. The mass of water MH2O is set to unity, ~vs0 is the initial velocity, and
~vw0 is set for the initial water molecules. A dry run that does not include any microwaves is first
executed. It shows a very small and non-increasing drift, as was described at the end of Section 2.
This basis is then assumed for all other runs.
Microwaves are applied in Run A1. The initial state of the hydrogen, oxygen, and CH4 (unified
atom) molecules is shown in Fig.1(a). With the microwave electric field on, the kinetic energies of
the water and CH4 molecules increase over time, as shown in Fig.2(a) and (b). The total energy of
the system, i.e. the kinetic energy and the Coulombic interaction energy, is depicted in Fig.2(c).
The increase in the energy of the water is ∆W/∆τ ∼= 4.2× 10−7W0/τ0. The CH4 molecules,
without any charges, are inert to microwaves, but they interact with water molecules. The energy
increases in the Lennard-Jones potential, which was close to the water case.
The nonlinear growth of methane hydrate occurs for the time τ ≥ 7× 105τ0. The explosive
growth suddenly collapses and methane hydrate turns to be the liquid phase at τ ∼= 1.05×106τ0.
The collapse is depicted in the particle plot of Fig.1(b). The water molecules scatter as early as
time ∆τ ∼= 500τ0. The explosive phase is depicted in Figs.2(a)-(c) at τ = 1.05× 106τ0, and the
collapse in Fig.2(d)-(f) at τ = 1.10× 106τ0. The Lennard-Jones energy decreases chaotically in
Fig.2(e). The temperature increase before the microwave collapse for Run A1 is ∆T ∼= 35 deg.
The pair distribution functions of different O-O and O-H atoms are shown in Fig. 3 for the
methane hydrate with a density of 0.91g/cm3. They show the distribution functions that exist
before and after the collapse occurring around τ ∼= 1.05× 106τ0. Well separated peaks in the 8
Å regions can be identified as a crystal before the collapse on the top and bottom of the left side
column. However, one has only one peak after the collapse as liquid, which is entirely buried in
6
the r > 3 Å region of the O-O distribution function. Two peaks are seen with curtains in the O-H
functions of the right column.
Alternatively, a five percent higher density of 0.95 g/cm3 and an initial temperature of 273
K are simulated in Run A2. This corresponds to 0-5 ◦C and 50 atmospheres2. A time of τ ∼=
1.5× 106τ0 is executed with the same electric field of the microwave used in Run A1, and the
particle plot is shown in Fig.4. The kinetic energy of water in Fig.5(a) increases at a very slow rate
of ∆W/∆τ = 1.7× 10−7W0/τ0. A collapse similar that seen for the methane hydrate in Run A1
does not occur but continues as the crystal, as shown in the figures.
A simulation of 33 methane hydrate is executed where 194 carbon dioxide and 22 methane
molecules are mixed in Fig. 6 (Run A3). The weight of the guest molecule CO2 (i.e., 44) is about
three times heavier than that of the methane molecule CH4. The kinetic energies of water and
CO2 molecules also increase in Fig. 7. The present hydrate is heated at a slightly slower rate of
∆W/∆τ ∼= 3.9×10−7W0/τ0, compared to the methane hydrate of Run A1 with a density of 0.91
g/cm3. It collapses at the time τ ∼= 6.6×105τ0. The heating of the hydrate with CO2 molecules is
∆W = 2.8×10−1W0, which is about a half that of the methane hydrate as ∆W = 4.5×10−1W0 of
Run A1. The CO2 molecules are by 0.53kJ/mol more active at the Lennard-Jones potential than
the CH4 molecules of 0.39kJ/mol. This may contribute to a shorter life of carbon dioxide hydrate.
C. Heating due to Density and Temperature Changes
In this subsection, the methane hydrate with the initial density of 0.95 g/cm3 and temperature
of 273 K is advanced to a new density and temperature under the microwave in Table II. When a
deviation of the kinetic energy of water exceeds±0.1×10−4W0 in the interval of ∆τ = 2000τ0, the
system length L is changed by a ±0.005 Å stride (double sign correspondence). If the deviation is
within the threshold, the system size is not altered for that interval.
Figure 8 shows the kinetic energy of water, that of CH4, and the total energy of the system at
τ = 5.7×105τ0 in the left column. The details of the short-range, Lennard-Jones and long-range
interaction energies are shown in the right column. The Coulombic energy gradually increases
and decreases, while the Lennard-Jones energy goes in opposite directions. The sum of the total
energy, i.e. the kinetic energy and the total interaction energy, thus follows the same trend in
Fig.8(c). The system size stays within the 35.60±0.05 Å, and continues as the crystal. The kinetic
energy of water increases with ∆W/∆τ = 1.3×10−7W0/τ0. This value is about 70% smaller than
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that of the volume fixed case of Run A2. This results in the slow process of the methane hydrate
heating.
IV. SUMMARY AND CONCLUSION
Methane hydrate was simulated by molecular dynamics with periodic boundary conditions.
The normal density of 0.91 g/cm3 represented sea level conditions, and the density of 0.95 g/cm3
corresponded to the high-pressure conditions of 50 atm and 273 K. The microwave electric field
was applied while the volume was held constant. The methane hydrate collapsed in liquid for
the normal density, and the temperature increase before the collapse was ∆T ∼= 35 deg. Whereas
it continued to be heated for the higher density as the crystal. The simulation of carbon dioxide
molecules starting at 273 K was executed but was collapsed shortly compared to the methane
hydrate.
The methane hydrate was dynamically adjusted to density and temperature by the microwave
process. It was found to be heated by the microwave, and continued as the crystal. But, the system
size stayed almost constant, which resulted in the slow process of the methane hydrate heating.
In the simulations, the frequency was set to 10 GHz and the electric field was set to 0.3 V/Å.
In a traditional microwave oven, values in the range of 2.45 GHz and 300 V/cm are commonly
used. To convert the simulations to the realistic values of the crystal to liquid, the frequency
10 GHz is reduced to 2.45 GHz, the electric field intensity has a factor of |E|2 = (100,000)2,
and the collapse time of methane hydrate is 1.1× 106 times 10−14 s. Then, the conversion is,
(10/2.45)× (100,000)2× (1.1×106 10−14) ∼= 440 s, i.e. the collapse occurs in several minutes.
This may be reasonable to consider methane hydrates as one of the energy resources.
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Appendix A: Long-range Coulombic Interactions
The G(nx,ny,nz), ~K(nx,ny,nz) and ∆(nx,ny,nz) functions for the long-range Coulombic inter-
actions are written in the periodic boundary conditions as,
G(nx,ny,nz) = (2MxMyMz/L2)×[
dn(nx)Kx +dn(ny)Ky +dn(nz)Kz
]
/(Λ∆2), (A.1)
~K(nx,ny,nz) = ∑
n1,n2,n3
(n1,n2,n3)
{
exp
(
−
(
pi/(αL)
)2)
/Λ
}
×
(
sinc
(nx +Mxn1
Mx
))2P(
sinc
(ny +Myn2
My
))2P(
sinc
(nz +Mzn3
Mz
))2P
(A.2)
∆(nx,ny,nz) = ∑
n1,n2,n3
(
sinc
(nx +Mxn1
Mx
))2P×
(
sinc
(ny +Myn2
My
))2P(
sinc
(nz+Mzn3
Mz
))2P
, (A.3)
Λ = dn(nx)
2+dn(ny)
2+dn(nz)
2. (A.4)
The first Brillouin zone should take the summation of −1≤ n1 ≤ 1 (the degree is P = 3), and
Mx is the mesh in the x direction; the same procedures should be taken in the other directions
due to the tetragonal crystal symmetry. The sinc function is used to account for the long slopes
of the ~K(nx,ny,nz) and ∆(nx,ny,nz) functions. The index ranges for the G(nx,ny,nz) function are
0≤ nx ≤Mx/2, 0 ≤ ny ≤My−1 and 0≤ nz ≤Mz−1, where Mx, My, and Mz are the number of
points in the x,y, and z directions, respectively.
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TABLE I. The series of simulations, fixed density (g/cm3), microwave heating rate (W0/τ0), evaluation, and
guests molecules for the constant volume case.
series density heating rate evaluation guests molecules
A1 0.91g/cm3 4.2×10−7W0/τ0 1.05×106τ0 collapsed CH4
A2 0.95g/cm3 1.7×10−7W0/τ0 1.5×106τ0 remains crystal CH4
A3 0.91g/cm3 3.9×10−7W0/τ0 6.6×105τ0 collapsed CO2, CH4
TABLE II. The series of simulation, initial density (g/cm3), microwave heating rate (W0/τ0), evaluation,
and guests molecules for the variable density case.
series initial density heating rate evaluation guests molecules
B1 0.95g/cm3 1.3×10−7W0/τ0 5.7×105τ0 remains crystal CH4
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FIG. 1. (a) The initial crystal of the H (white), O (red), and CH4 (small red) molecules having a density
of 0.91 g/cm3 and an initial temperature of 273K, (b) distortion of the methane hydrate in liquid under an
applied microwave field observed at the time τ = 1.1×106τ0.
FIG. 2. Microwaves are applied to a methane hydrate with a density of 0.91 g/cm3 and a temperature of 273
for τ > 0. (a) The kinetic energy of water, that of CH4, and the total energy of the system by τ = 1.05×106τ0
(left, top to bottom, respectively). (b) The longer timescale plot of the short-range interaction energy, the
Lennard-Jones potential energy, and long-range interaction energy to τ = 1.10×106τ0 (right, top to bottom,
respectively). The abscissa is linearly scaled in all plots hereafter. The kinetic energy of water increases
with a time rate of ∆W/∆τ = 4.2× 10−7W0/τ0, and the short and long-range energies eventually collapse
in liquid at the time τ ∼= 1.05×106τ0, whereas the Lennard-Jones energy decreases at the same time.
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FIG. 3. The pair distribution functions between the O-O atoms (top) and O-H atoms (bottom) of the
methane hydrate for the density 0.91 g/cm3. The time is (a) before the collapse at τ = 1.05×106τ0, and (b)
after the collapse at τ = 1.06× 106τ0. The abscissa of the distribution functions is (a) 1.39× 10−2 (left),
and (b) 8.75× 10−3 (right). The three peaks for the O-O atoms in (a) show that the atoms have almost
aggregated by the collapse in (b), and the two giant peaks in (b) indicate the O-H atoms.
FIG. 4. The density 0.95 g/cm3 and the initial temperature 273 K lead to the continuous heating of methane
hydrate as the crystal, at τ = 1.5×106τ0. The legend is H (white), O (red), and CH4 (small red).
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FIG. 5. The kinetic energy of water, that of CH4, and the total energy of the system (left, top and bottom),
the short-range interaction energy, the Lennard-Jones energy, and long-range interaction energy (right, top
and bottom) for microwave application of the density 0.95 g/cm3. The abscissa is linearly scaled. The
kinetic energy is increased in a continuous manner as the crystal at τ = 1.5×106τ0, and the heating rate is
∆W/∆τ = 1.7×10−7W0/τ0.
FIG. 6. The density 0.91 g/cm3 and the initial temperature 273 K become collapsed in liquid by the carbon
dioxide molecules at τ ∼= 6.6×105τ0. The legend is H (white), O (red), and CO2 (small blue).
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FIG. 7. Simulation of 195 carbon dioxide and 22 methane molecules mixed with a density of 0.91 g/cm3
and run at an initial temperature of 273 K. (a) The kinetic energy of water, that of CH4, and the total energy
of the system for τ = 6× 105τ0 (left, top to bottom, respectively). (b) The longer timescale plot of the
short-range interaction energy, the Lennard-Jones potential energy, and long-range interaction energy for
τ = 7× 105τ0 (right, top to bottom, respectively). The abscissa is linearly scaled. The kinetic energy of
water increases at the rate ∆W/∆τ = 3.9×10−7W0/τ0, but collapses in liquid at τ ∼= 6.6×105τ0.
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FIG. 8. The change of the initial density of 0.95 g/cm3 and temperature of 273 K. (a) The kinetic en-
ergy of water, that of CH4, and the total energy of the system (left, top to bottom, respectively). (b) The
detailed plots of the short-range interaction energy, the Lennard-Jones potential energy, and the long-range
interaction energy for τ = 5.7× 105τ0 (right, top to bottom, respectively). The kinetic energy of water is
∆W/∆τ = 1.3×10−7W0/τ0 as the crystal, which is smaller than the constant volume case of Run A2.
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